The effects of cervical spinal cord stimulation (CSCS) on glucose consumption were examined in two patients with prolonged disturbance of consciousness due to head injuries. Several clinical parameters, including glucose consumption using positron emission tomography (PET) with [18F]2-fluoro-2-deoxy D-glucose (FDG), were compared before and after CSCS . After a 4-month period of stimulation, one patient (Case 1) regained consciousness and began to speak, but the other patient (Case 2) showed no improvement in consciousness level. Computed tomography and magnetic resonance imaging showed
Introduction
Advances in life-supporting medical care have lowered the mortality in patients with severe head in juries, but increased the number of patients with pro longed disturbance of consciousness.
Some of these patients survive for months or years in a "persistent vegetative state' 8) that presents new medical and social problems .2,11) Medical treatment of these pa tients has rarely proved satisfactory. Surgical treat ment for this state first used deep brain electric stimulation focused upon a non-specific thalamic nucleus."') Deep brain stimulation has since been reported to be effective by several groups. Recently, cervical spinal cord stimulation (CSCS), usually used as a treatment for intractable pain, has been applied to prolonged unconsciousness patients with some success, 4,11-13) although the actual mechanism raising the consciousness level has not been clarified.
In this study, we compared clinical parameters, in cluding results of positron emission tomography (PET) with [18F]2-fluoro-2-deoxy-D-glucose (FDG) before and after CSCS, to investigate the possible mechanism of action of CSCS in patients with pro longed unconsciousness.
Materials and Methods
Two patients who had been continuously un conscious for 4 months (Case 1) and for 6 years (Case 2) after head injuries were selected for treat ment with CSCS using a neurostimulator (PISCES set) supplied by Medtronic Neuro (Minneapolis, Minn., U.S.A.). The distal end of the electrode was implanted in the epidural space at the C-2 level, and the reservoir was placed subcutaneously in the anterior chest wall. Stimulation (10 V, pulse width 0.2 msec, rate 45-100 pulses/sec, amplitude 50%) was started 7 days after implantation, and continued for 12 hours each day. Various clinical studies were performed before implantation and at least 14 days after the start of stimulation: computed tomography (CT), magnetic resonance (MR) imaging, elec troencephalography (EEG), auditory brainstem response (ABR), somatosensory evoked potential (SEP), regional cerebral blood flow (rCBF) with 99mTc -hexamethyl propyleneamine oxime , and PET with FDG.
Summary of Cases
Case 1: A 27-year-old male became comatose with decorticate posture in response to noxious stimuli after head injury suffered in a traffic accident on November 4, 1991. CT on admission revealed acute brain swelling with small contusional hematomas in the bilateral frontal lobes and corpus callosum. Four months after the injury, he remained unconscious with tube feeding and total excretal incontinence. On March 13, 1992, the stimulation system was im planted. After 2 weeks of stimulation, he began to respond to orders for hand raising. After 4 months, tube feeding could be discontinued, and he began to speak a few broken words. Case 2: A 16-year-old male suffered a head injury due to striking his head against a soccer goal post, and had been in a vegetative state for 6 years. On ad mission, he was in a deep coma with decerebrate posture due to acute epidural and subdural hematomas with traumatic contusion of the left hemisphere.
Emergency surgery had removed the hematomas and contused tissues at admission, but his condition deteriorated, and he remained un conscious. On June 2, 1992, the CSCS system was im planted. After a 6-month period of stimulation, the spasticity of his extremities was slightly relieved, but no improvement in consciousness level was ob served. 
Results
Case 1: CT and MR imaging before CSCS disclosed subdural fluid collection in the bilateral frontal regions and contusional scars in the bilateral frontal lobes (Fig. 1) . EEG revealed low voltage slow alpha waves with sporadic 4-6 Hz slow activities before CSCS, and increased fast alpha wave components after CSCS. The ABR pattern was normal before and after CSCS. An SEP study showed a normal pat tern with right median nerve stimulation, but no com ponents after N13 with left median nerve stimulation, and these findings were unchanged after CSCS. A rCBF study revealed hypoperfusion in the cerebellum, bilateral frontal lobes, and left temporal and occipital lobes. The mean rCBF value was 46 ml/ 100 g/min in the left hemisphere and 48 ml/ 100 g/min in the right hemisphere, with no significant difference before and after CSCS. The mean FDG up take measured by PET was 89.3 and 88.3 counts per second (cps)/ml/mCi/kg before and after CSCS, re spectively.
The FDG uptake increased in the brainstem, bilateral hypothalami and thalami, bilateral cingulate gyri, and left frontal cortex after CSCS. In contrast, the FDG uptake was reduced in the bilateral putamens and the bilateral temporal, parietal, and occipital cortices. The brainstem (+ 19%), left hypothalamus (+ 10%), left thalamus (+ 16%), left cingulate gyrus (+ 19%), and left fron tal cortex (+ 13%) demonstrated the largest increases in FDG uptake (Figs. 2 and 3). Case 2: CT and MR imaging before CSCS revealed diffuse brain atrophy with contusional scars in the left hemisphere, a small low density area in the left thalamus, and enlargement of the aqueduct (Fig. 4) . EEG before CSCS revealed slow waves with low ac tivity and sporadic high voltage slow waves in the left hemisphere. The ABR study revealed a prolonged IIIrd wave and no components of the IVth or Vth wave. The SEP study revealed no components after N13 with bilateral median nerve stimulation. After CSCS, all these electrophysiological parameters showed no improvement.
A rCBF study revealed remarkable hypoperfusion in the left hemisphere. The mean rCBF was 39 ml/ 100 g/min in the left hemisphere and 52 ml/ 100 g/min in the right hemisphere, with no significant difference before and after CSCS. The mean FDG uptake in the whole brain was 72.0 and 71.2 cps/ml/mCi/kg before and after CSCS, respectively. After CSCS, some regions of the brain showed an increase in FDG uptake, in cluding the bilateral hypothalami (left, +7%; right, +8%) and thalami (left, +7%; right, +3%), but the bilateral cingulate gyri (left, -7%; right, -4%) and frontal cortices (left, -11 %; right, 5%) show ed a reduction of FDG uptake (Figs. 5 and 6). 
Discussion
Although several successes using CSCS for the treat ment of prolonged unconsciousness have been reported since 1987, the mechanism of CSCS on con sciousness remains unclear, and the indications for this therapy have not been established.',""
We ex amined several physical and clinical parameters, in cluding glucose consumption of brain with PET, to investigate the possible mechanism of CSCS on the arousal function.
CT and MR imaging showed no abnormalities in the thalamus and brainstem and no diffuse brain atrophy in the patient responding to CSCS (Case 1). The patient not responding to CSCS (Case 2) had a low density area in the left thalamus and enlarge ment of the aqueduct with diffuse atrophy of the left cerebral hemisphere. Diffuse bilateral cerebral atrophy, low density areas in the bilateral thalami, and diffuse brainstem abnormalities have all been suggested as possible factors in the failure of CSC5.4,12,13) Some researchers have reported an improvement in EEG after CSCS, and we also observed an im provement in the EEG in Case 1. However, the EEG background activity is not predictive of the usefulness of CSCS,4) and it is difficult to explain the mechanism of improvement of consciousness by only EEG findings or other electrophysiological ex aminations, including ABR and SEP. The ascending reticular activating system is con sidered to lie within the brainstem, extending from the midbrain into the hypothalamus and thalamus. Structures within this region transmit diffuse physiological effects to the cerebral cortex that pro foundly influence the arousal function.") At present, at least three principal ascending pathways from the reticular formation have been identified. One pro jects to the thalamic reticular nucleus and then to the cortex via a projection to the specific thalamic nuclei.
The second ascends through the hypothalamus to in fluence the basal forebrain structures, including the limbic system. The third is composed of axons of serotonin neurons of the midbrain raphe and norepinephrine neurons of the locus ceruleus, both of which provide diffuse, widespread innervation of the neocortex.9,17)
We observed no significant difference in the basic values of FDG uptake in the brainstem before CSCS between the two patients (58.1 and 57.4 cps/ml/ mCi/kg in Cases 1 and 2, respectively). An increase in FDG uptake in the brainstem after CSCS was ob served in Case 1, but not in Case 2. The increase in FDG uptake occurred in the bilateral hypothalami and thalami, bilateral cingulate gyri, and the left frontal cortex in Case 1. In contrast, the FDG uptake was increased in the bilateral hypothalami and thalami, but reduced in the bilateral cingulate gyri and frontal cortices in Case 2. From these results, we suggest that the fiber connections between the brainstem and the hypothalamus and thalamus, and between the hypothalamus and the frontal cortex via the limbic system, including the cingulate gyrus, were preserved in Case 1. We also suggest that the in crease in FDG uptake in the hypothalamus and thalamus was caused by the indirect effects of CSCS, and the fiber connections between the hypothalamus and the limbic system were disrupted in Case 2. Papez16) proposed a closed circuit composed of the anterior nucleus, cingulate gyrus, hippocampus, and mamillary body, with impulses originating from visceral and somatic sensory fibers entering this closed circuit through the brainstem, hypothalamus, and mamillary body.") On the other hand, Cairns et a1.3) suggested that impairment of either Vicq d'Azyr's bundle (mamillothalamic tract), which has connections with the cingulate gyrus, or fibers which originate in the hypothalamus and end in the medial nucleus of the thalamus are responsible for producing akinetic mutism. 
